In order to develop a rapid and versatile assay system suitable for the analysis of regulated expression of tobacco pathogenesis-related protein 1a (PR-1a) gene, we investigated the use of the transient gene expression system in tobacco BY-2 cells by microprojectile bombardment. Using dual luciferase assay as a reporter gene expression detection system, we observed significant induction of PR-1a promoter activity by salicylic acid (SA) treatment. On the other hand, treatment with 4-hydroxybenzoic acid (4-HBA) resulted in no detectable increase in luciferase activity. Co-expression of a trans-acting factor, the NPR1/NIM1 protein of Arabidopsis, resulted in the induction of higher expression levels of the PR-1a promoter. These results suggest that the assay system is applicable for the analysis of factors involved in the regulated expression of SA-inducible defense-related genes.
Plant cells respond to pathogen attack by expressing a set of genes involved in the defense reaction initiated by recognition of the pathogen invasion. Significant progress has been made in the identification and characterization of components that regulate pathogen-induced gene regulation. 1) Using Arabidopsis as a model system, isolation and characterization of factors involved in defense gene expression have been conducted. The Arabidopsis NPR1/NIM1 protein, identified as a key regulatory factor of the SA-dependent signal transduction pathway that regulates the expression of a set of defense genes, is one such example. [2] [3] [4] However, mechanisms involved in transcriptional regulation of SA inducible defense genes are not necessarily clear.
In order to obtain a gene expression profile for the investigation of the regulated expression of defenserelated genes by chemical treatment, a system using suspension cultured rice cells or tobacco BY-2 cells has been developed. 5, 6) For the detection of defense gene expression induced by SA dependent signal transduction, the tobacco PR-1a gene has been used as a marker because of its strict transcriptional regulation pattern. To investigate the regulated gene expression of the PR-1a gene, we generated transgenic BY-2 cells harboring the PR-1a promoter-luciferase fusion gene. Using the in vivo luciferase assay system, we detected specific PR-1a promoter activation by SA treatment with an expression pattern very similar to that of endogenous PR-1a-mRNA. 7) Although the transgenic BY-2 cell is a useful system for the study of defense gene expression, generating transgenic cell lines is a tedious and timeconsuming process. Moreover, introduction and expression of multiple genes is technically difficult due to the limitation of the T-DNA mediated gene transfer system. On the other hand, the transient expression system using microprojectile bombardment is a versatile system for the multiple gene transfer and expression in plant cells. 8) In an attempt to develop a transient assay system for the study of defense gene expression, we investigated the use of transient assay by microprojectile bombardment of tobacco BY-2 cells followed by the dualluciferase reporter assay (DLRA). Using the tobacco PR-1a-luciferase reporter gene as a model system, we found that the system enables one to monitor the induction of the promoter activity by SA treatment. In addition, we demonstrated trans-activation of the tobacco PR-1a promoter by the co-expression of an Arabidopsis defense gene trans-activator, the NPR1/NIM1 protein.
Materials and Methods
Microprojectile bombardment and dual-luciferase Assay. A plasmid harboring tobacco PR-1a promoterluciferase fusion, designated pPR-1a-luc, was constructed by fusing the PCR amplified promoter fragment and the modified firefly luciferase gene. 7) Conditions for microprojectile bombardment of toy To whom correspondence should be addressed. Tel/Fax: +81-45-339-4413; E-mail: hiratsk@ynu.ac.jp bacco BY-2 cells were as described previously. 8) Bombarded cells were harvested with 1 ml of liquid medium and then incubated at 25 C for further treatment. In order to reduce variability of bombardment efficiency, independently bombarded cells were pooled and then divided for the treatment with chemicals. DLRA was carried out as described previously.
8)
Isolation of NPR1/NIM1 cDNA by RT-PCR. RNA samples were isolated from Arabidopsis thaliana Col-0 and the npr1-1 mutant using an RNeasy Plant RNA extraction kit (Qiagen). Synthesis of cDNA was carried out using the Takara cDNA synthesis kit. The PCR amplification of cDNA by KOD+ DNA polymerase (Toyobo) was performed using the following oligonucleotide primers:
0 . The PCR reaction mixture was kept at 94 C for 2 min, followed by 30 cycles at 94 C for 15 s, 60 C for 30 s, and 68 C for 30 s. The amplified DNA sample was excised from agarose gel and subcloned into the BamHI/EcoRI site of pBI221. DNA sequencing was carried out using a Perkin Elmer Sequencing kit according to the manufacturer's instructions.
Results
Detection of PR-1a gene induction by SA treatment Previous studies of BY-2 cells have demonstrated that the PR-1a gene exhibits SA dependent induction of gene expression. 5) In this study, we introduced a plasmid construct containing the PR-1a-luciferase fusion gene into tobacco BY-2 cells by particle bombardment and investigated its SA-dependent induction by monitoring luciferase activity. Since the use of cells at a stationary phase gave satisfactory results for SA dependent induction of PR-1a promoter in BY-2 cells (Watakabe et al., unpublished results), we conducted the reporter gene assay 18 to 24 h after SA treatment using BY-2 cells of 5 to 6 days old culture. To obtain maximal sensitivity of the reporter gene, we chose to use the DLRA system. 8) Cauliflower mosaic virus (CaMV) 35S promoter fused to the Renilla luciferase (Rluc) gene was used as a co-reporter to the firefly luciferase (Fluc) gene ( Fig. 1) .
After incubation at 25 C, the relative activity of the PR-1a promoter was quantified by DLRA. In the presence of SA, the PR-1a promoter exhibited up to 100% increase in relative activity when fused to the Fluc. Identical treatment with an inactive SA analogue, 4HBA, did not show any influence on promoter activity compared with untreated cells. On the other hand, no SA dependent induction was observed with the CaMV 35S promoter-luciferase fusion gene (Fig. 2 ). These results demonstrate that the induction of the PR-1a gene promoter by exogenous SA can be monitored using transient expression by microprojectile bombardment and DLRA.
Trans-activation of the PR-1a promoter by NPR1/ NIM1
The NPR1/NIM1 protein of Arabidopsis thaliana acts as a positive regulatory factor that activates PR-1 promoter through interaction with transcription factors. By using transgenic Arabidopsis, it has been shown that the over expression of the NPR1/NIM1 protein by the 35S promoter resulted in an enhanced expression of the PR-1 gene. 9) Because previous studies of transcription factors of heterologous origin have shown them to be functionally active in the tobacco system, 10, 11) in order to confirm the versatility of our transient assay system, we carried out a series of experiments by introducing NPR1/NIM1 into tobacco cells and observed the effect on tobacco PR-1a promoter activities. As shown in Fig. 3 , introduction of 35S::NPR1/NIM1 resulted in enhanced expression of tobacco PR-1a promoter activities. Super induction of the PR-1a promoter activity upon SA treatment was also observed. On the other hand, co-expression of 35S::GUS showed no effect on PR-1a promoter activity.
To verify the relationship between co-expression of functional NPR1/NIM1 protein and the PR-1a promoter activity, we tested a mutant NPR1/NIM1 that contains a mutation within its amino acid sequence. We used a cDNA clone obtained from the npr1-1 mutant containing a point mutation within the carboxy-terminal region that disrupts the putative ankyrin repeat structure.
2)
Because the npr1-1 mutant fails to respond to SARinducing treatments, the point mutation is believed to result in a loss of function of the NPR1/NIM1 protein.
Data shown in Fig. 4 clearly demonstrate that the expression of the NPR1 protein with the npr1-1 mutation showed no positive regulatory effect on PR1a promoter activity and that the functional NPR1 protein is necessary for the up-regulation of the PR-1a promoter. Some down-regulation of PR-1a promoter activity by the expression of the npr1-1 mutant protein was also observed in the presence of SA. These results suggest that the overexpression of the NPR1/NIM1 gene encoding the functional NPR1/NIM1 protein in tobacco BY-2 cells leads to an enhanced expression of SARrelated genes.
Discussion
Using transgenic tobacco and BY-2 cells harboring the luciferase reporter gene, we have developed a system for monitoring gene expression of the PR-1a promoter.
7)
The system enables us to conduct non-invasive detection of PR-1a gene expression upon SA treatment. However, for the study of trans-acting factors involved in PR-1a gene regulation, it is necessary to develop a transient assay system that allows one to introduce multiple plasmid constructs encoding trans-acting factors. Previous studies on defense gene expression exploited a transient assay using a protoplast system and successfully analyzed the regulated expression of the promoterreporter fusion constructs.
12) The transient assay by Activity in Tobacco BY-2 Cells. PR1a::Fluc (reporter) and 35S::NPR1 (effector), and 35S::Rluc (internal standard) were co-transfected into tobacco BY-2 cells. pBI221 (35S::GUS) was used as a control for the effector plasmid. Independently bombarded samples were pooled and divided into three samples for treatment with SA. Enzymatic activity was measured by DLRA after 22 h of incubation at 25 C. Relative activity represents the Fluc/Rluc ratio normalized to the nontreatment sample. Values are mean AE SE for three independent measurements. microprojectile bombardment described in this study, on the other hand, has advantages over the protoplast system: a wide range of choice for samples, no need for generation of protoplasts, and a much smaller amount of plasmid DNA required per assay. Recently, Despres et al. reported an SA-dependent interaction of NPR1 and TGA1 using a transient assay by microprojectile bombardment similar to our system. However, evidence for PR gene promoter induction upon SA treatment have not been provided. 13) On the other hand, the results of PR-1a promoter induction by SA treatment in this study suggest that one can detect a specific SA-dependent induction of promoter activity by the microprojectile bombardment system.
Although the induction level was significantly lower than in similar experiments with stable transgenic BY-2 cells harboring the identical PR-1a::Fluc construct, we confirmed the specific induction of PR-1a promoter by using the CaMV35S promoter as a control. Its SA specificity was also supported by the fact that the 4HBA failed to induce the PR-1a promoter in this assay system. Relatively modest PR-1a promoter induction levels may be due to the mechanical wounding caused mainly by the cell wall penetration of the accelerated gold particles. Signals generated by wounding may suppress the expression of SA-dependent induction of the PR-1a gene through the cross-talk of signal transduction pathways. 14) Alternatively, further optimization of the experimental system, as in culture condition, chemical concentrations, and plasmid DNA amounts, may be necessary for the improvement of this assay system.
The Arabidopsis NPR1/NIM1 gene was identified originally from mutants unable to express the PR-1 gene. It has been shown that the NPR1/NIM1 protein is involved in PR-1 gene expression in Arabidopsis. [1] [2] [3] Trans-activation of PR-1 gene expression by NPR1/ NIM1 has been demonstrated by the over-expression of the NPR1/NIM1 gene in transgenic Arabidopsis. In this study, we observed trans-activation of the PR-1a promoter by transient assay by the co-expression of the plasmid encoding the NPR1/NIM1 protein. Specific transcriptional activation of the PR-1a promoter was demonstrated by the fact that the introduction of the plasmid DNA encoding the npr1-1 mutant protein that contains amino acid substitutions within the putative ankyrin repeat domain failed to induce the PR-1a promoter.
Notwithstanding the results obtained in studies of transgenic Arabidopsis plants, induction of PR-1a promoter activation by NPR1/NIM1 expression was observed even without SA treatment (Fig. 3 and Fig. 4) . The difference in transcriptional activation of SA inducible promoters by NPR1/NIM1 might be explained by the difference in physiological conditions between transiently transformed BY-2 cells and stably transformed Arabidopsis plants. As mentioned above, mechanical wounding by microprojectile bombardment might also be an important factor that makes a difference in the mode of action of NPR1/NIM1. Alternatively, it is possible that the difference is due to the heterogeneity of the assay system.
Although we observed a dominant negative effect of the npr1-1 mutation on PR-1a promoter activity under the presence of SA, in contrast with the case of the Arabidopsis npr1 mutants, complete suppression of PR1a promoter activity was not observed by the overexpression of the npr1-1 in this assay system (Fig. 4) . Because a gene that shows high similarity to NPR1/ NIM1 has been identified in tobacco, this result may be due to the presence of endogenous tobacco NPR1/ NIM1-related proteins that may be able to support the regulated expression of the PR-1a promoter. 15) NPR1/NIM1 over-expression in heterologous system has already been conducted using transgenic rice and the result indicated that the Arabidopsis NPR1/NIM1 is able to activate the defense system in rice. 16) However, no direct evidence for trans-activation of PR genes at the level of transcription has been provided in the rice system. On the other hand, we demonstrated transactivation of the PR-1a promoter by the Arabidopsis NPR1/ NIM1 in the tobacco BY-2 system in this study. To our knowledge, this is the first report of direct evidence suggesting the trans-activation of a defense gene promoter by NPR1/NIM1 in heterologous system. This result implies the existence of highly conserved mechanisms for defense gene expression among higher plant species. The fact that the NPR1/NIM1 protein can activate defense gene expression in heterologous system also suggests a possible application of NPR1/NIM1 and related genes in the development of transgenic plants with enhanced disease resistance in a wide range of plant species.
